This study was undertaken to investigate the role of mouse double minute 2 (MDM2) oncogene in prostate cancer growth and the potential of MDM2 as a target for prostate cancer therapy. An antisense anti-human-MDM2 mixed-backbone oligonucleotide was tested in human prostate cancer models with various p53 statuses, LNCaP (p53 wt/wt ), DU145 (p53 mt/mt ), and PC3 (p53 null ). In a dose-and time-dependent manner, it specifically inhibited MDM2 expression and modified expression of several genes, at both mRNA and protein levels. In LNCaP cells, p53, p21, Bax, and hypophosphorylated retinoblastoma tumor suppressor protein (pRb) levels increased, whereas Bcl2, pRb protein, and E2F transcription factor 1 (E2F1) levels decreased. In DU145 cells, p21 levels were elevated and E2F1 levels decreased, although mutant p53, Rb, and Bax levels remained unchanged. In PC3 cells, MDM2 inhibition resulted in elevated p21, Bax, and pRb levels and decreased ppRb and E2F1 levels. In all three cell lines, MDM2 inhibition reduced cell proliferation, induced apoptosis, and potentiated the effects of the chemotherapeutic agents 10-hydroxycamptothecin and paclitaxel. The anti-MDM2 oligonucleotide showed antitumor activity and increased therapeutic effectiveness of paclitaxel in both LNCaP and PC3 xenografts, causing changes in gene expression similar to those seen in vitro. In summary, this study demonstrates that MDM2 has a role in prostate cancer growth via p53-dependent and p53-independent mechanisms and that multiple genes are involved in the process. MDM2 inhibitors such as second-generation antisense oligonucleotides have a broad spectrum of antitumor activities in human cancers regardless of p53 status, providing novel approaches to therapy of human prostate cancer.
A ntisense therapy is designed to deliver to the target cells antisense molecules that target to mRNA with which they can hybridize and specifically inhibit the expression of pathogenic genes (1) , thus offering the possibility of specific, rational, genetic-based therapy (1, 2) . With encouraging results from preclinical and clinical studies in the past decade, significant progress has been made in the field (3) (4) (5) (6) . Although the firstgeneration phosphorothioate antisense oligonucleotides (oligo) are in clinical trials, a number of factors, including in vivo biostability and sequence motifs that could lead to unwanted effects, have been identified (4) . The second-generation antisense oligos are designed to overcome these limitations (7, 8) . Recently, we have developed several mixed-backbone antisense oligos (MBO) that are being tested for antitumor activity in vitro and in vivo (8) (9) (10) (11) .
Prostate cancer poses a major public health problem in the United States and worldwide. It has the highest incidence and is the second most common cause of cancer deaths in North American men, with estimates of 220,900 new cases and 28,900 deaths in 2003 (12) . There is a need to develop novel therapeutic approaches. The molecular mechanisms of development and progression of prostate cancer are complicated and likely to involve multiple factors, such as tumor suppressor genes, oncogenes, growth factors, signal transduction molecules, adhesion molecules, and angiogenesis (13) . Abnormal p53 expression occurs in prostate cancer patients (14) (15) (16) . Mouse double minute 2 (MDM2) is amplified or overexpressed in a number of human tumors, including prostate cancer (17) (18) (19) (20) (21) . The expression of MDM2 is induced by p53 and MDM2 oncoprotein functions as a negative regulator of p53. MDM2 also interacts with pRB, E2F transcription factor 1 (E2F1), and RNA, suggesting that MDM2 has p53-independent activities (21) . Overexpression of MDM2 is associated with resistance to G 1 ͞M growth arrest in prostate cancer DU145 cells (p53 mt/mt ) (22) and with the androgenindependent phenotype (23) , a characteristic of advanced prostate cancer. Therefore, we hypothesized that MDM2 may be a rational target for prostate cancer therapy.
Cancer chemotherapeutic agents and radiation often exert their cytotoxic effects through activation of wild-type p53, which may be limited in cancers with MDM2 expression. Therefore, inactivation of the MDM2-p53 negative feedback loop may increase the magnitude of p53 activation after DNA damaging treatments, thus enhancing therapeutic effectiveness. In addition, we further hypothesized that the role of MDM2 in tumor development and progression is not only associated with p53 pathway, but also with other p53-independent pathways. To that end, in the present study, we used in vitro and in vivo human prostate cancer models with distinct p53 genetic statuses, i.e., LNCaP (p53 wild type), DU145 (p53 mutant), and PC3 (p53 null), to demonstrate that the MDM2 antisense inhibitor has a broad spectrum of antitumor activity in human cancers regardless of p53 status. More importantly, in previous studies, we demonstrated the effect of MDM2 antisense oligo in human cancer cells with MDM2 overexpression (9) ; we now present data supporting the effect of second-generation antisense MDM2 inhibitor in cell lines that are not MDM2 overexpressors, implying that the application of the specific antisense anti-MDM2 oligo can be widened.
Materials and Methods
Antisense Oligonucleotides. Oligo AS, a 20-mer anti-human-MDM2 MBO (5Ј-UGACACCTGTTCTCACUCAC-3Ј) and its 5-base mismatch control, Oligo ASM (5Ј-UGTCACCCTTTT-TCATUCAC-3Ј) were synthesized, purified, and analyzed as described (7, 10) . Two nucleosides at the 5Ј end and four nucleosides at the 3Ј end are 2Ј-O-methylribonucleosides (represented by boldface letters); the remaining are deoxynucleosides. The underlined nucleosides of Oligo ASM are the sites of the mismatch controls compared with Oligo AS. All internucleotide linkages are phosphorothioate.
Abbreviations: MDM2, mouse double minute 2; oligo, oligonucleotide; MBO, mixedbackbone oligos; HCPT, 10-hydroxycamptothecin; Rb, retinoblastoma tumor suppressor protein; pRb, hypophosphorylated Rb; ppRb, hyperphosphorylated Rb; E2F1, E2F transcription factor 1. ‡ To whom correspondence should be addressed. E-mail: ruiwen.zhang@ccc.uab.edu. Detection of Apoptosis. Following a similar treatment protocol as above, cells in early and late stages of apoptosis were detected with an annexin V-FITC apoptosis detection kit from BioVision (Mountain View, CA) as described (24) .
Western Blot Analysis. The protein levels of MDM2, p53, p21, hypophosphorylated retinoblastoma tumor suppressor protein (pRb), hyperphosphorylated pRb protein (ppRb), Bcl2, Bax, E2F1, and ␤-actin in cultured cells and xenografts were analyzed by using previously described methods, including densitometry measurement of protein bands (10, 11, 24) . The monoclonal antibodies against MDM2 (Ab-1), p53 (Ab-6), p21 (Ab-1), Rb (Ab-5), Bcl2 (Ab-1), and Bax (Ab-2) were obtained from Oncogene Research Products (Boston, MA). Anti-E2F1 (KH95) monoclonal antibody was purchased from Santa Cruz Biotechnology. Anti-␤-actin (SC-15) monoclonal antibody was obtained from Sigma.
Quantitation of mRNA. The mRNA levels in cells treated with Oligo AS or ASM were analyzed by RT-PCR. Cells were transfected with oligos as described above, and total RNA was extracted by using the Trizol reagent from Invitrogen, quantified by UV spectrophotometry, and used to create cDNA by using the SuperScript RT-PCR kit from Invitrogen. The PCR coamplifications of MDM2 (25) , P53 (26) , BAX (27) , E2F1 (28), WAF1, RB, and BCL2 (29) with ␤-actin (29) were accomplished. The detailed methods are described in Supporting Text and Table  1 , which are published as supporting information on the PNAS web site, www.pnas.org.
Xenograft Models. The models of LNCaP and PC3 xenografts were established by using the methods described previously (10, 11, 24) . Male, 4-to 6-week-old severe combined immunodeficient mice (for LNCaP) and athymic nude mice (nu͞nu) (for PC3), were obtained from Frederick Cancer Research and Development Center (Frederick, MD). Cultured cells were washed with and resuspended in serum-free media. The suspension (5 ϫ 10 6 cells in 0.2 ml per mouse) mixed with Matrigel at a ratio of 1:1 (LNCaP) or 5:1 (PC3) was then injected into the left inguinal area of the mice. The mice were monitored by measuring tumor growth and body weight and by general clinical observation (24) . Tumor-bearing mice were randomly divided into multiple treatment and control groups (five mice per group). All oligos, dissolved in physiological saline (0.9% NaCl), were given by i.p. injection at doses of 10 or 25 mg͞kg per day, 5 days͞week for 4 weeks. The control group received saline only. Paclitaxel (10 mg͞kg) was given i.p., twice per week for 4 weeks. In combination therapy, oligos were given at 25 mg͞kg level and paclitaxel as described above.
Results

In Vitro MDM2 Antisense Inhibition Resulted in Induction of Apoptosis, Inhibition of Cell Proliferation, and Chemosensitization in Prostate
Cancer Cells, Regardless of p53 Status. Induction of apoptosis. In a dose-dependent manner, Oligo AS induced apoptosis in all three prostate cancer cell lines, regardless of p53 status (Fig. 1 ). After treatment with 200 nM Oligo AS, the apoptotic index increased by 400% in LNCaP cells (Fig. 1 A) , 230% in DU145 cells (Fig.  1B) , and 820% in PC3 cells (Fig. 1C) . The mismatch control Oligo ASM had no or minimal effects. Pretreatment with 50 nM Oligo AS, but not the control Oligo ASM, sensitized all of the three cell lines to the cancer chemotherapeutic agents HCPT (Fig. 1 D-F) and paclitaxel (Fig. 2 G-I) . Inhibition of cell proliferation. In a dose-dependent manner, Oligo AS inhibited proliferation, as measured by BrdUrd incorporation, in all three prostate cancer cell lines, regardless of p53 status (Fig. 2) . After treatment with 200 nM Oligo AS, the proliferation index decreased by 94% in LNCaP cells (Fig. 2 A) , 90% in DU145 cells (Fig. 2B) , and 82% in PC3 cells (Fig. 2C) , respectively. The mismatch control Oligo ASM had no or minimal effects. Pretreatment with 50 nM of Oligo AS, but not ASM, sensitized all of the three cell lines to HCPT (Fig. 2 D-F) and paclitaxel (Fig. 2 G-I) .
In Vitro MDM2 Antisense Inhibition Modified Multiple Gene Expression. LNCaP cells. Both MDM2 protein and mRNA were inhibited by Oligo AS in a dose-, time-, and sequence-dependent manner (Fig. 3) . The MDM2 knockdown resulted in p53 protein elevation in a dose-and time-dependent fashion ( Fig. 3 A and B) . However, P53 mRNA levels did not change (Fig. 3 C and D) , confirming that inactivation of p53 by MDM2 is mainly via the p53 degradation pathway. The levels of p21 and Bax proteins and mRNAs were also elevated. There were also increases in pRb and RB mRNA and decreases in ppRb. Both E2F1 protein and mRNA levels decreased. The Bcl2 protein level decreased (Fig. 3 A and B) , but its mRNA level was not changed (Fig. 3 C  and D) . DU145 cells. In a dose-, time-, and sequence-dependent manner, MDM2 protein and mRNA levels were inhibited by Oligo AS (Fig. 4) . No changes in mutant p53 protein and mRNA were observed. Interestingly, both p21 protein and mRNA levels were elevated, which is independent of p53. E2F1 protein levels were decreased (Fig. 4 A and B) without remarkable changes in mRNA levels (Fig. 4 C and D) . DU145 cells are Bcl2 null and express mutant Bax and Rb, which were not changed after MDM2 inhibition. PC3 cells. After antisense MDM2 inhibition, p21 mRNA and protein levels were significantly elevated (Fig. 5) . Bax protein levels were also elevated ( Fig. 5 A and B) without remarkable changes in mRNA levels (Fig. 5 C and D) . The pRb protein levels increased and ppRb levels decreased (Fig. 5 A and B) without significant changes in RB mRNA levels ( Fig. 5 C and D) . E2F1 protein levels decreased (Fig. 5 A and B) without changes in its mRNA levels (Fig. 5 C and D) . No changes in Bcl2 protein or mRNA levels were found (Fig. 5) .
In Vivo MDM2 Antisense Inhibition Showed Dose-Dependent Antitumor Activity and Chemosensitization and Modified Multiple Gene
Expression in Prostate Cancer Xenografts. LNCaP xenografts. Oligo AS showed significant antitumor activity in a dose-dependent manner (Fig. 6A) and increased therapeutic effectiveness of paclitaxel in severe combined immunodeficient mice bearing LNCaP xenografts (Fig. 6B) . Oligo ASM showed minimal effects on tumor growth or on paclitaxel efficacy, demonstrating the specificity of Oligo AS (Fig. 6 A and B) . To confirm the antisense mechanism in vivo, a separate study was accomplished to analyze protein levels of MDM2 and related genes, by Western blot analysis of pooled LNCaP xenografts. As shown in Fig. 6C , Oligo AS specifically inhibited MDM2 expression in a dose-dependent manner, resulting in elevation of p53, p21, Bax, and pRb and reduction of ppRb, Bcl2, and E2F1. The control Oligo ASM had no or minimal effects. PC3 xenograft model. The antitumor activity of Oligo AS was further shown in the PC3 model, which is p53 null, providing direct evidence for p53-independent activity of MDM2 (Fig. 7A ). In this model, Oligo AS also increased therapeutic effectiveness of paclitaxel (Fig. 7B) . Oligo ASM showed no effect ( Fig. 7 A and  B) . The protein levels of MDM2 were specifically decreased by Oligo AS in a dose-dependent manner, resulting in elevation of p21, Bax, and pRb and reduction of ppRb and E2F1 (Fig. 7C) . Further quantitative analysis of the mode of chemosensitization effects in both LNCaP and PC3 models is presented in Supporting Text and Table 2 , which is published as supporting information on the PNAS web site.
Discussion
Antisense oligonucleotides have been extensively studied as a research tool in determining gene function and as a novel therapeutic approach to treatment of various human diseases (1-6). However, there still are many questions regarding their specificity and efficacy. For the first-generation antisense oligos, there are several nonspecific effects that detract from their clinical efficacy and safety profiles (3, 4) . In the present study, we used various in vitro and in vivo models to determine the specific antitumor activity and the underlying mechanism of action of the anti-human-MDM2 MBO, a new generation of antisense oligos. Unlike most reported sequences of firstgeneration antisense oligos under clinical investigation (4), our test and control oligos do not contain any CpG motifs or other sequences known to have nonspecific, non-antisense effects.
In the present study, we have demonstrated at least six noteworthy results. First, the novel anti-MDM2 MBO, Oligo AS, specifically knocked-down MDM2 expression, as demonstrated at both mRNA and protein levels, in a dose-and time-dependent manner, regardless of p53 status. Second, MDM2 inhibition resulted in enhanced apoptosis and decreased cell proliferation in a dose-dependent, sequence-specific manner, regardless of p53 status. Third, in a dose-dependent manner, Oligo AS demonstrated sequence-specific in vivo antitumor activity in both LNCaP (p53 wt/wt ) and PC3 (p53 null ) xenografts. Fourth, MDM2 inhibition resulted in chemosensitization in vitro and in vivo, regardless of p53 status. Fifth, in a dose-and time- dependent manner, Oligo AS modified the expression of several genes, with varying profiles in cells with different p53 status. In the LNCaP cells (p53 wt/wt ), MDM2 inhibition resulted in significant elevation of the protein levels of p53, p21, pRb, and Bax and reduction of ppRb, Bcl2, and E2F1. The changes in mRNA levels did not always correspond to those in protein levels, suggesting that there are multiple mechanisms of action for MDM2 inhibition. In DU145 cells (p53 mt/mt ), MDM2 inhibition also resulted in elevation of p21 at both mRNA and protein levels, and decreases in E2F1 protein levels. In PC3 cells, significant elevation of the protein levels of p21, Bax, and pRb and reduction of ppRb and E2F1 were observed. Finally, in vivo dose-dependent modulation of expression in several genes after MDM2 inhibition was demonstrated in both LNCaP and PC3 xenograft models, consistent with the above in vitro findings. Our results provide direct evidence supporting sequence-specific in vitro and in vivo antisense efficacy of the anti-MDM2 oligo, which should be considered as a proof of principle of antisense technology.
Thus far, most investigations of MDM2 functions focus on its interaction with p53. As a negative regulator of p53, MDM2 plays an important role in tumor formation and growth. In tumors with wild-type p53 expression, MDM2 interacts with p53 via various mechanisms such as inhibition of its transactivation activity (30) and facilitation of its degradation (21) . Therefore, inhibition of MDM2 is a promising means of restoring p53 function, including p21 and Bax induction, resulting in cell growth arrest and͞or apoptosis. Our results with the in vitro and in vivo LNCaP models provide direct evidence for p53-MDM2 interaction.
The tumorigenic properties of MDM2, however, may be independent of p53 (21) . Approximately one-third to one-half of human prostate cancers have MDM2 overexpression with or without p53 expression (20, 21) , suggesting that MDM2 may be involved directly in the development of prostate cancer. Moreover, the induction of MDM2 may be associated with resistance to chemotherapy and radiation therapy in prostate cancer patients (31, 32) . Our results with the DU145 and PC3 models suggest a p53-independent activity of MDM2, which may have therapeutic applications, because the majority of advanced prostate cancers contain no p53 expression or mutant p53 (13) (14) (15) (16) (17) (18) (19) (20) and because MDM2 is associated with the androgenindependent phenotype (23) .
Unlike other published reports, the present study demonstrated changes in expression of multiple genes, not only the targeted gene, an observation that is important to understanding the mechanism of action for antisense therapy. Furthermore, the expression profiles were analyzed at both protein and mRNA levels. After MDM2 inhibition, the expression of p21 and Bax was observed in vitro and in vivo, regardless of p53 status. Although WAF1 (p21) gene is a reporter gene of p53 activity, several reports demonstrate that p53-independent p21 induction is mediated by various stimuli, including epidermal growth factor and fibroblast growth factor (20) , silibinin (31), zinc (33) , and genistein (34) . The lack of p21 expression is correlated with poorer clinical outcome in bladder, colon, and hepatocellular carcinomas, and down-regulation of p21 is involved in the development of androgen-independence in prostate cancer (20) . Our results from the present study support the concepts that induction of p21 is both p53-dependent and p53-independent and that MDM2 inhibition affects both p21 protein and mRNA levels.
The expression of Bax may also be controlled by p53 (35) or p53-independent mechanisms such as proteosome inhibition (36) . In the present study, we demonstrated Bax induction in both LNCaP (p53 wt/wt ) and PC3 (p53 null ) cell lines, after MDM2 inhibition. Because Bax degradation by proteosome may be an important regulation mechanism in advanced prostate cancer (36) and because MDM2 has ubiquitin ligase activity (21) , MDM2 may have a direct role in Bax regulation. The ratio of Bcl2͞Bax is important in determining which cells undergo apoptosis and which survive after DNA damage (37) . Bcl2 up-regulation is associated with androgen independence and resistance to chemotherapy (38) . In the present study, we report that MDM2 inhibition results in simultaneous Bcl2 reduction and Bax elevation in LNCaP cells and xenografts, explaining partly the significant antitumor and chemosensitization effects of the antisense therapy.
The RB tumor suppressor is involved in cell cycle control and differentiation by modulating the activity of transcription factors such as E2F protein family (39); its mutations or deletions are evident in human prostate cancer (40) . ppRb promotes cell progression (39) . pRb regulates the G 2 ͞M transition (41), inhibiting androgen-independent development (42) and inducing p53-dependent (43) or p53-independent apoptosis (41) . The elevated p21 after MDM2 inhibition may lead to Rb hypophosphorylation. However, the RB mRNA increase in LNCaP cells may be p53-dependent, because no changes in RB mRNA were observed in PC3 (p53 null ) cells. E2F1 stimulates cellular proliferation and cell cycle progression from G 1 to S phase (44) (45) (46) and correlates with increased tumor cell invasiveness and metastasis (45) . In addition to being negatively regulated by pRb, it was activated by MDM2 directly (21) . Results from the present study further demonstrate that MDM2 inhibition results in decrease of E2F1, regardless of p53 status, indicating a role for E2F1 in the antitumor activity and chemosensitization effects of the anti-MDM2 oligo.
In summary, although the role of MDM2 in the development and progression of human cancer was originally thought to be associated with p53 inactivation, we conclude, based on our results from in vitro and in vivo MDM2 antisense treatment in various prostate cancer models, that MDM2 has both p53-dependent and p53-independent activities. MDM2 inhibitors, such as second-generation antisense oligos described in this report, may have a broad spectrum of antitumor activity in human cancers, regardless of p53 status, providing a basis for future development of this novel approach to the therapy of human cancers.
